In this paper, the electric field induced deformations of sputter-deposited piezoelectric aluminum nitride thin films sandwiched between electrodes on top of a silicon substrate are studied by numerical calculations and scanning laser interferometric measurements. In our calculations based on the finite element method, the results show the displacement of the top and bottom surfaces of both the thin film and the substrate, for either a free or a perfectly clamped structure. The confirmation that the bottom surface of the film is deformed reveals the limitations of techniques that only access the top surface, as well as the double-beam interferometric configuration, under specific conditions. In addition, the simulations demonstrate the dependence of the displacements on the size of the upper electrode and the contribution of the transverse piezoelectric coefficient d 31 to the features of the displacement profiles. A laser scanning vibrometry technique was used to measure deformations on the top surface with subpicometer vertical resolution. By comparing the calculated and the experimental displacement profiles, an advanced approach is discussed to obtain accurate quantitative information of both coefficients d 31 and d 33 .
I. INTRODUCTION
Many acoustic wave devices and microelectromechanical systems ͑MEMS͒ use different piezoelectric thin films as actuating elements. The fabrication of these devices on conventional silicon wafers is becoming increasingly common, due to the possibility of integration into mature silicon technologies. [1] [2] [3] Among the different piezoelectric materials, AlN is the candidate that fulfills most of the requirements for this integration process. Its good mechanical, chemical, and dielectric properties, as well as the compatibility with complementary metal-oxide semiconductor technology, have determined its choice for academic research 4, 5 and even device production in companies such as Avago, Epcos, Infineon, and Trikin.
The assessment of the morphological properties of the piezoelectric films ͑i.e., composition, crystal quality, residual stress, etc.͒ is straightforward. However, more complex techniques are required to determine their piezoelectric properties, such as the longitudinal piezoelectric coefficient d 33 . One of the most commonly used techniques to evaluate the goodness of a piezoelectric layer is to obtain the electromechanical coupling factor from acoustic, surface acoustic wave, 6 and bulk acoustic wave 7 devices. This factor, in addition to the piezoelectric coefficient d 33 , includes other material properties such as the elastic constant and the dielectric permittivity. Therefore, if the material properties are not well known, they will not provide accurate values for the coefficient d 33 . A better approach to determine this coefficient is the direct measurement of the converse piezoelectric effect, that is, the measurement of the strain generated by the application of a known electric field. This is usually accomplished by measuring the thickness variation of a piezoelectric thin film embedded between electrodes on top of a support substrate. This measurement requires resolution in the picometer range in the vertical direction and hence techniques such as atomic force microscopy 8, 9 ͑AFM͒ and laser interferometry [10] [11] [12] [13] [14] were applied for this purpose. The use of a structure consisting of a thin film between electrodes on a substrate has to keep the two following considerations in mind. First, the bending of the substrate, an issue thoroughly covered in the literature. 10 Due to the actuation of the transverse piezoelectric effect described by the coefficient d 31 , the thin film suffers an in-plane stress that causes the bending of the complete substrate, whether the structure is free or its back surface is not ideally clamped to a rigid holder. This bending superimposes to the piezoelectric thin film thickness variation. The common approach to account for this effect is the use of a double-beam laser interferometry configuration, 10, 15 in such a way that the displacement of both the top and the back surfaces of the structure are monitored simultaneously and the difference between these displacements is assumed to be the thin film thickness variation. Alternatively, instead of accounting for it, the substrate bending effect can be minimized by decreasing the upper electrode and/or by gluing the back side of the substrate to a rigid holder. 10, 13 Second, the most important consideration to take into account for this type of structure is that either the tension or the compression of the piezoelectric thin film may give rise to a displacement of both the top free surface of the film and the bottom surface of the film, constrained due to the presence of the deformable substrate. Therefore, the piezoelectric thin film thickness variation distributes between both surfaces. The techniques mentioned before ͑i.e., AFM and laser interferometry͒ only access the top surface of the film. Moreover, unfortunately, there is no experimental access to the behavior of the corresponding bottom face. Most of the references in literature that used the two previous techniques either forget or disregard the displacement of the bottom surface of the film for the determination of the piezoelectric coefficients, with the corresponding error. To the best of the authors' knowledge, only the works by Wang et al. 16 ,17 on lead-zirconate-titanate ͑PZT͒ sandwich structures point out the displacement of the bottom surface of the film. These references, with the help of a finite element model ͑FEM͒, report the displacement profile of the top and bottom surfaces of the film, as well as the dependence of these profiles on the size of the upper electrode, for a perfectly clamped structure. Once this consideration is taken into account, the next difficulty is how to estimate the thin film thickness variation from the experimental displacement of the top surface of the film, and how to relate this estimated variation to the piezoelectric coefficient d 33 .
In this work, the piezoelectric performance of sputterdeposited AlN thin films on thick silicon substrate was simulated by FEM analysis and characterized by scanning laser vibrometry. The simulation results show the displacement profile of the top and bottom surfaces of the thin film, as well as the displacement of the top and bottom surfaces of the substrate, for a free and a perfectly clamped structure. The dependence of these displacements on the top electrode size was also calculated. These results emphasize the importance of the deformation of the bottom surface of the film for both the single-beam and the double-beam interferometer configurations. Besides, different characteristics of the displacement profiles were related to the transversal piezoelectric coefficient d 31 . From an experimental point of view, the scanning laser vibrometer data supported the simulated results with a good overall matching between the experimental and the calculated displacement profile of the top surface of the structure. In order to take advantage of the agreement between the experiment and the simulation along this profile, a fitting procedure was applied in order to evaluate the piezoelectric coefficients d 33 and d 31 accurately.
II. METHODS
A. Device structure Figure 1 shows a schematic cross section of the metalpiezo-metal sandwich model for the simulation section. The thickness of the AlN layer and Si substrate is 2 and 640 m, respectively. The material of the electrodes is molybdenum ͑Mo͒ with a thickness of 0.2 m for both electrodes. For the experimental results, the main structure of the samples is similar to Fig. 1 . The procedure for the fabrication of the samples was the following. First a plain bottom electrode of Mo was deposited on a 640 m thick Si͑100͒ substrate. Next the AlN thin film was deposited by reactive magnetron sputtering. This film has a pure c-axis orientation with a full width at half maximum of the rocking curve around the ͗00· 2͘ direction below 2.5°. The thickness of the AlN film varied from 1.8 to 2 m without appreciable differences in the results shown below. Finally, a top electrode of Mo was defined by photolithography. Circle-and square-shaped top electrodes with different sizes were used. The squares ranged from 100ϫ 100 to 650ϫ 650 m 2 and the circles' diameter ranged from 0.6 to 4 mm. The electrical access to the bottom electrode was made via holes on the AlN layer using wet KOH etching. For the comparison between experiment and simulation, the exact structure of the sample was implemented in a FEM-based simulation tool.
B. Simulations
An accurate static computational FEM was built using COVENTORWARE, a commercially available software tool developed for MEMS design. 18 The mesh used in the model is composed of bricks with orthogonal geometry. The mesh is refined so as to produce accurate results in all the layers, with negligible changes when additional nodes are introduced. In the simulation section, the elastic, piezoelectric, and dielectric constants of AlN are taken from Ref. 19 . In particular, the nominal piezoelectric constants are d 33 = 5.5, d 31 = −2.6, and d 15 =4 pm/ V. These values were modified when the experimental data were fitted to the numerical calculations. Two types of mechanical boundary conditions are considered for the substrate, either free or perfectly clamped. For the clamped structure, the bottom surface of the substrate is assumed to be perfectly fixed in all degrees of freedom. 
C. Experimental procedure
The experimental electric field induced out-of-plane displacements were measured with a MSV 400 Polytec scanning laser Doppler vibrometer. The sample was placed on a probe station and electrical contacts to the top and bottom electrodes of the structure were made using tungsten dc tips. The system can scan a certain area of the device. The area is defined by a grid of points and the laser moves from point to point. For each point, the vibrometer obtains a time-domain vibration signal, which is Fourier-transformed to the frequency domain. Therefore, for each point, the amplitude at different frequencies can be obtained, as well as the phase correlation with the other points. All this information is used to obtain an animation of the scanned area movement at different frequencies, as well as displacement profiles along the area.
In this work, the scanned area included the upper electrode as well as the surroundings. The density of points within the grid was limited by the size of the laser spot ͑i.e., about 5 m͒. Points laying exactly at the edges of the electrode were removed from the grid, in order to avoid light scattering effects that could lead to erroneous data. Regarding the boundary conditions of the structure, two different conditions were considered. Either the structure was free on the supporting chuck of the probe station, or the structure was clamped to a 3 mm thick Al plate by means of different glues, from the standard Loctite Superglue to structural adhesives with Young's modulus as high as 6 GPa, such as Loctite 9492. The results for the clamped samples were the same, regardless of the glue used.
For measuring the surface out-of-plane movements, the structure was excited by applying a sinusoidal signal between the electrodes with a given frequency. The amplitude of the applied sinusoidal signal was 17.6 V ͑nominally 18 V, reduced by slight loading effects͒ in all the cases presented in this work. The frequency of the sinusoidal signal must be low enough and far enough from any mechanical resonance so that the experiment can be compared to the static model for a given voltage amplitude.
In order to look for this frequency unaffected by any resonance of the structure, preliminary measurements studied the frequency response of each structure from 10 to 100 kHz. The system does not allow to measure below 10 kHz for the conditions required in this work. For this study, a periodic chirp signal was applied between the electrodes. This signal consists of a superposition of sinusoidal signals designed to keep constant the amplitude in the frequency domain and hence allow for a uniform excitation. In the case of the glued structures, for a top electrode with a side either equal to or lower than 200 m, the clamping eliminated all the resonances in the 10-100 kHz frequency spectrum, no matter the type of glue used. For larger electrodes, different resonances were found. This effect of the clamping was reported before. 13 In this paper, the experimental results that are compared to the simulations correspond to glued structures with 200 m square-shaped upper electrodes.
III. RESULTS AND DISCUSSIONS

A. Simulation results
First we present the results of the FEM calculation for the structure of Fig. 1 with a perfectly clamped bottom face of the substrate. quantitative representation is shown in Fig. 2͑b͒ , where the Z displacement profiles of the top ͑solid͒ and the bottom ͑dashed͒ surfaces of the thin film are plotted against the X in-plane coordinate, whose origin is taken at the center of the top electrode ͑X =0͒. The origin of the vertical axis in this figure corresponds to the situation of no deformation for the curve under consideration.
The most important point to notice from this figure is the displacement of the bottom surface of the film. This displacement is far from being negligible, with a value of 53 pm at the center of the electrode. For comparison, the displacement on the top surface is −17 pm at the same place. Therefore, for this electrode size, the total change in thickness in the piezoelectric layer is distributed at the top and the bottom surfaces. This fact brings out very serious limitations to the determination of the piezoelectric coefficient d 33 from a measurement of the displacement of the top surface of the structure, as it is the case with laser scanning interferometry and AFM. In the way Fig. 2͑b͒ is presented, the electric field induced change in the film thickness at the center of the electrode is directly given by the separation between the two curves at that point. Besides, the displacement of the bottom surface of the film is equivalent to the displacement of the top surface of the substrate. Consequently, there is a significant change in the substrate thickness below the top electrode. This would not occur at a perfectly rigid substrate. It is also worth mentioning that there is no bending of the substrate due to the boundary condition of perfect clamping.
As the top electrode size increases, the displacement of the top surface of the film at the center of the electrode increases, while the displacement of the bottom surface of the film decreases. This correlation is valid up to a critical electrode size, which is around 2 mm for a 2 m thick AlN film. Beyond this critical size, the bottom displacement measured at the center of the electrode is negligible. The top displacement saturates and corresponds directly to the film thickness variation. This behavior was already predicted by Wang et al. 16 in a perfectly clamped structure made of PZT. This result suggests the suitability of electrodes with a size larger than the critical one when techniques are used that only access the top surface of the structure. We will come back to this point in Sec. III B. Figure 2 also shows the profile of the top surface of the film. This profile is characterized by different features around the edges of the top electrode. These features are the step in the displacement at the edges of the electrode and the nonuniform displacement at both sides of the step. The curvature of the top surface of the film below the top electrode is a result of the nonuniform displacement at the sides of the edges below the top electrode.
Other important effects, evidenced by the simulations, are illustrated through Fig. 3 , where we assume exactly the same model as for Fig. 2 , except for d 31 , which is fixed at 0. First, while in Fig. 2 there is a displacement of the bottom surface of the film, in this case the film compression is only accommodated on the top surface of the film, with no change at the bottom face of the film. The magnitude of the film thickness variation is given exactly by the product of the coefficient d 33 and the applied voltage, as if the film was freestanding. Second, Fig. 3͑b͒ shows that the displacement of the top surface of the thin film below the area covered by the top electrode is plain, while in Fig. 2 this displacement is characterized by the curvature mentioned before. In addition, the film thickness variation at the center of the electrode changes from 70 pm in Fig. 2 to 97 pm in Fig. 3 . Therefore, the conclusion of this numerical change in d 31 is that this coefficient plays an important role in the profile of the displacement of the two film surfaces.
Our model was also used to analyze the case of a free structure. Figure 4 shows the same information as in Fig. 2 for the same structure and conditions, but the substrate is free. Part ͑b͒ shows the displacement of three surfaces: the top ͑solid͒ and bottom ͑dashed͒ surfaces of the film, and the bottom surface of the substrate ͑dotted͒. As mentioned before, the displacement of the bottom surface of the film is equivalent to the displacement of the top surface of the substrate. The displacement 0 corresponds to the situation of no deformation for the surface under consideration. From these figures, the expected overall bending of the substrate, which was taken into account previously by different authors, 10, 13 can clearly be seen. In part ͑a͒, the bending can be noticed outside the top electrode, since the further from the electrode, the smaller the displacement of the layers. Also, in part 
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Hernando et al. J. Appl. Phys. 104, 053502 ͑2008͒ ͑b͒, the deformation of the bottom surface of the substrate confirms the bending. It is worth mentioning that, for a positive voltage, the coefficient d 33 causes a compression of the piezoelectric layer in the Z direction ͑i.e., negative displacement for the top surface͒, while the coefficient d 31 , opposite sign to d 33 , gives rise to a tension of the piezoelectric layer in the X direction. This last tension results in the bending of the substrate with a positive displacement along the Z direction. In addition to this bending, the results show, as in the case of the perfectly clamped structure, the deformation of the bottom surface of the piezoelectric thin film, and correspondingly the deformation of the top surface of the substrate. It can be noticed that the displacements at the top and bottom faces of the substrate follow a different profile and, in consequence, there is also a change in the substrate thickness over the region covered by the top electrode with respect to the regions outside the top electrode. This is a crucial result for the interpretation of double-beam interferometer measurements with laser beams reflected on the top electrode and the back side of the substrate. With this approach, the thickness variation of the piezoelectric film is assumed to be equal to the difference between the displacement of the bottom surface of the substrate and the displacement of the top surface of the structure. This would be correct if the displacement of the top and bottom surfaces of the substrate are equal, i.e., the thickness of the substrate remains constant. However, as it can be seen in Fig. 4 , this may not be the case due to the deformation of the piezoelectric thin film. The associated error depends on the exact geometry of the layers and the upper electrode area. Specifically, in the case of a 200 m side square electrode, the difference between the displacement of the bottom surface of the substrate and the displacement of the top surface of the film at the center of the electrode is 23 pm, while the difference between the displacements of the top and bottom surfaces of the film, the correct value, is 70 pm. For a 1 mm side square electrode, these values are 100 and 70 pm, respectively. So, the error is lower for larger electrode.
B. Experimental results
The aim of this section is to confirm the simulation results experimentally and to obtain an accurate value for the piezoelectric coefficients d 33 and d 31 of AlN films. The scanning laser vibrometer was used to obtain an animation of the movement of a scanned area that included the top electrode and the surroundings of a structure glued to an Al holder in an attempt to clamp the bottom surface of the substrate, with a 2 m thick AlN film and a 200ϫ 200 m 2 square top electrode ͑this animation is video 1, 20 where the black grid corresponds to null displacement͒. Figure 5 shows the displacements obtained from the previous animation at ͑a͒ 17.6 and ͑b͒ −17.6 V. The top electrode can be seen as well as the tip contacting it. The parameters of the measurements were given in Sec. II C. In this case, the frequency of the sinusoidal signal was 60 kHz, far from any mechanical resonance. It is also illustrative to see an animation of the movement of the profile along a line that crosses the top electrode from left to right ͑video 2, 20 where the upper part shows a top view of the structure as well as the line along which the displacement is measured, and the lower part shows the animation along that line͒. Figure 6 shows the displacement profiles obtained from video 2 at ͑a͒ 17.6 and ͑b͒ −17.6 V. Figures 7 and 8 are equivalent to Figs. 5 and 6, respectively, but the same structure is free ͑videos 3 and 4 20 are equivalent to videos 1 and 2, respectively, but the same structure is free͒. Certain noise is present in the measurements due to the fact that the data are not smoothed by any filtering.
It is worth pointing out that the features of the displacement of the top surface of the film around the edges of the top electrode, predicted by the FEM in Fig. 2 , are clearly detected in the experiment. Therefore, our measurements support the predictions deduced by the numerical calculations for the top surface of the film, and this would indirectly confirm the deformation of the bottom surface of the film.
These measurements also show the predicted bending of the substrate. It can be clearly seen in Figs. 7 and 8 for the free structure, since there is a noticeable displacement of the structure outside of the top electrode. The bending is also present for the glued structure in Figs. 5 and 6 , although to a lower extent due to the gluing. Incidentally, it can be noticed that the displacement of the central area of the top electrode is almost zero during the whole animation. This is only possible if the magnitude of the displacement due to the bending is equal to the magnitude of the displacement due to the piezoelectric actuation. As mentioned before, these displacements are of opposite sign and they may cancel each other. This conclusion was checked by using electrodes of smaller and bigger sizes. The bigger the electrode, the larger the bending. And the shift of the animation of the displacement along the Z axis, for the different electrode sizes, corresponded to the expected bending change. It can also be mentioned that the bending is expected to be constant over the area of the 200 m side square electrode. From these results, we can conclude that our conditions for the clamping of this structure to a holder by means of the glue do not reproduce the ideal clamping boundary conditions used for the simulations. There is a bending due to the compliance of the glue. All these results show that the displacement of the top surface of the structure might have a contribution due to the bending and the magnitude of this contribution depends on parameters such as the size of the electrode and the consistency of the clamping.
Next, our goal is to estimate the magnitude of the piezoelectric coefficients based on all the computed and measured results described above. To this end, several approaches were considered. According to the simulations, the displacement of the top surface of perfectly clamped AlN structures saturates as the electrode area increases, reaching the total film thickness variation at the center of the top electrode for electrodes with a size larger than 2 mm. By contrast, even for square electrodes with a side as low as 400 m, multiple resonances appear experimentally; and for electrodes with a diameter equal or greater than 2 mm, the frequency response was dominated by many mechanical resonances, despite the gluing with very stiff adhesives. As a consequence, when glued structures, with such large electrodes, were excited by applying a sinusoidal signal at a frequency outside the resonances, the experimental displacement was dominated by the influence of the resonances and the substrate bending, and no evidence of the expected saturation was detected. This approach was then discarded due to the difficulties in achieving the perfect clamping condition.
Another approach to obtain the coefficient d 33 from scanning laser vibrometer measurements is to use the magnitude of the step at the edges of the top electrode. 17, 21 This procedure is based on the approximation that this step equals the thin film thickness variation, what depends on the size of the electrode. For example, this is not the case in Fig. 2 . In addition, the magnitude of this step has to be associated with d 33 . The usual procedure is to relate it to an effective d 33 , assuming that the substrate is perfectly rigid. 22 However, from our results, it is clear that the substrate deforms, which is what limits the applicability of this approach.
For all these reasons, we propose the following approach. As the displacement profile measured experimentally resembles very well all the features of the simulated profile, it would be reasonable to obtain the piezoelectric coefficients by fitting the simulated profile to the experimental one. In this way, the whole profile, and not only a particular feature such as the step, would be used for the evaluation of the piezoelectric coefficients. The measured profile must not be affected by any resonance of the structure in the tens of kilohertz range. According to the previous sections, this implies the use of top electrodes with a side of 200 m or smaller, as well as gluing the structure to a holder. The results obtained under these conditions can be compared to the simulations for a perfectly clamped structure. With these values, the step at the edges of the top electrode and the curvature under the top electrode are comparable for both the experiment and the simulation. In this way, the estimated piezoelectric coefficients are deduced from a comparison between experiment and theory that takes into account the whole displacement profile, and not only a particular point or feature in the measurement.
Regarding the accuracy of the procedure for the different samples measured, the standard deviation of the displacement obtained from the averaged profiles is below Ϯ2 pm. This error has to be extrapolated to the value of the piezoelectric coefficients. According to our FEM analysis, a variation of 2 pm in the main features of the experimental profile of Besides, a number of material constants are assumed in the fitting process, being the AlN elastic coefficients the most critical, since the magnitude of these coefficients is not very well established in the literature. For example, the value of C 11 used in this work and obtained from Ref. 19 is 345 GPa, while other publications reported a value of 411 GPa. 23 This is a variation close to 20%. This uncertainty in the magnitude of C 11 results in another source of error. Depending on the elastic constant used between the two extremes above, we estimated a variation of 8% in the magnitude of d 33 and a variation of 12% in the value of d 31 when fitting the experimental profile of Fig. 9 . It is worth to remark that this error is not intrinsic to our procedure, but has to be attributed to the inaccuracy of the elastic constants of AlN.
The comparison of our results with other publications cannot consider those publications that do not include the deformation of the bottom surface of the piezoelectric layer to determine the piezoelectric coefficients. An appropriate comparison can be made with Ref. 19 , where the phase velocity of AlN-based surface acoustic wave devices, grown by metal organic chemical vapor deposition ͑MOCVD͒, was used to estimate the magnitude of the different parameters of AlN. According to this reference, d 33 = 5.5 pm/ V and d 31 = −2.6 pm/ V. These values are higher than those obtained from Fig. 9 . Since the accuracy of our procedure is enough to detect this difference, we attribute it to a difference in the AlN crystalline quality when samples are grown by different techniques such as MOCVD and sputtering.
IV. CONCLUSIONS
AlN piezoelectric thin films embedded between electrodes on top of a silicon substrate were studied using FEM analysis and scanning laser vibrometry, in terms of the displacement generated by the voltage applied between the top and bottom electrodes, with the aim of obtaining accurate values of the piezoelectric coefficients. FEM simulations, which take into account the compliance of the substrate, predict a pronounced deformation of the bottom surface of the thin film located below the top electrode, and correspondingly of the top face of the substrate, for the top electrode sizes commonly used in the literature. Therefore, the thin film thickness variation is thus the result of both the top and bottom surface displacements. Since techniques such as scanning laser vibrometry measure only the displacement on the top surface, the change in film thickness cannot be directly deduced. As a result, the immediate determination of the piezoelectric coefficient d 33 from the measurement of the displacement of the top surface of the structure is not straightforward. In our case, based on the excellent agreement between the experimental and the calculated displacement profiles, the values of d 33 and d 31 in AlN were deduced by applying a fitting procedure that includes the different features of the profile along the top electrode.
